D. R. Wood, 29 H. Xu, 5 R. Yamada, 14 P. Yamin, 4 C. Yanagisawa, 42 J. Yang, 28 T. Yasuda, 29 P. Yepes, 37 C. Yoshikawa, 16 S. Youssef, 15 13.85.Ni In this Letter we present a new measurement of the angular distribution of dijets produced in pp collisions over a wide angular range and at higher precision than previous measurements [1] . In quantum chromodynamics (QCD), parton-parton scattering processes are mainly t-channel exchanges and produce dijet angular distributions peaked at small center-of-mass (CM) scattering angles; many processes containing new physics are more isotropic. Dijet final states in pp collisions can be produced through quark-quark, quark-gluon, and gluon-gluon interactions. The angular distributions produced by these processes as predicted by theory are similar. Therefore the dijet angular distribution is insensitive to the relative weighting of the individual hard scattering process and thus is insulated from uncertainties in the parton distribution functions (pdf's). Thus, the dijet angular distribution provides an excellent test of QCD and a means of searching for new physics such as quark compositeness. Next-to-leading order (NLO) QCD predictions are available [2, 3] and comparisons can be made between the data and both leading order (LO) and NLO predictions.
The value of the mass scale, L, characterizes the strength of the quark substructure binding interactions and the physical size of the composite states. In the regime where L ¿ pŝ is valid, the quarks appear almost pointlike and any quark substructure coupling can be approximated by a four-Fermi interaction. With this approximation, the effective Lagrangian for a flavor diagonal definite chirality current is [4, 5] The D0 detector, described in detail elsewhere [6] , measures jets using uranium, liquid-argon sampling calorimeters that provide uniform and hermetic coverage over a large range of pseudorapidity ͑jhj # 4͒. Typical transverse segmentation is 0.
The data are from the 94 pb 21 sample recorded during the 1993-1995 Tevatron run. Events are selected using a multilevel trigger. The first level requires an inelastic collision by demanding the coincidence of two hodoscopes on either side of the interaction region. In the second level, jet candidates are selected using an array of 40 calorimeter trigger towers 0.8 3 1.6 in h 3 f, covering jhj , 4. Four different trigger criteria are defined, each requiring a single trigger tower above a different transverse energy ͑E T ͒ threshold. The final level, an online software trigger, selects events with a jet above a preset threshold. The E T thresholds at which the triggers are .98% efficient for the h coverage used in this analysis are 55, 90, 120, and 175 GeV.
Jets are reconstructed using a fixed cone algorithm with radius R p Dh 2 1 Df 2 0.7. Calorimeter towers with E T greater than 1.0 GeV are used as seed towers for jet finding [7] . Jet E T is defined as the sum of the E T in the towers with R , 0.7 from the seed tower and a new E T weighted center of the jet is calculated. This process is repeated until the jet center is stable. When one jet overlaps another, they are merged into a single jet if they share more than 50% of the E T of the lower E T jet. Otherwise, they are split into two distinct jets.
Jet energy calibration is performed in a multistep process [8] . First, the electromagnetic energy scale in the central calorimeter is determined by scaling the energies of electrons from Z boson decays so that the corrected Z mass agrees with the value measured at LEP [9] . Next, the jet response of the central calorimeter is measured using momentum conservation in a sample of photon 1 jet events. After determining the jet response for the central calorimeter as a function of jet energy, the relative h dependent jet response is measured using both photon 1 jet and dijet events. One jet (photon) is required to be central, and the jet response is measured as a function of the h of the other jet. Jets are also corrected for out-of-cone showering losses, underlying event, multiple pp interactions, and effects of uranium noise.
Quality cuts are required for the two leading E T jets in each event. These cuts eliminate spurious jets that arise from noisy calorimeter cells, cosmic rays, and accelerator losses. The efficiencies for these cuts are E T and h dependent and vary between 90% and 97%.
We define the mean h boost 1 2 ͑h 1 1 h 2 ͒ and the half difference h ‫ء‬ 1 2 ͑h 1 2 h 2 ͒ of the pseudorapidities of the two jets with highest E T . Data are selected in bands of dijet invariant mass M, where M 2 2E T1 E T2 ͓cosh 2h ‫ء‬ 2 cos͑f 1 2 f 2 ͔͒, neglecting the jet masses. To maintain uniform acceptance [10] , we require jh 1,2 j , 3 and jh boost j , 1.5.
The dominant spin-1 gluon exchange yields a distribution in the CM scattering angle u ‫ء‬ cos 21 ͑tanh h ‫ء‬ ͒ similar to Rutherford scattering: dN Ruth ͞d cos u ‫1ء‬ ͞ sin 4 ͑u ‫ء‬ ͞2͒. We transform u ‫ء‬ to x e 2jh ‫ء‬ j ͑1 1 j cos u ‫ء‬ j͒͑͞1 2 j cos u ‫ء‬ j͒, so that large u ‫ء‬ maps to small x (e.g., u ‫ء‬ 90 ± $ x 1). Then dN Ruth ͞dx is independent of x, facilitating a comparison with theory. Table I shows the dijet angular distribution, ͑100͞N͒ ͑dN͞dx͒, in bins of Dx 1 with its statistical error in the four mass bins. The JETRAD program [3] is used to determine the LO and NLO QCD predictions. The jets at NLO are found using the standard [11] jet definition which combines two partons into a single jet if they are both within R 0.7 of their E T weighted center. We require that two partons also be closer than R sep 3 0.7 with R sep 1.3 [12, 13] . Figure 1 shows the dijet angular distributions normalized to the unit area compared to three different theoretical predictions. The and to the renormalization scale. The NLO predictions are seen to be in better agreement with the data than the LO calculations, especially for large x.
The dominant source of error on the angular distribution is the uncertainty in the h dependence of the calorimeter energy scale. This uncertainty is less than 4% and nearly independent of dijet invariant mass. The remaining sys- Fig. 1 . The effects of a different pdf were examined by replacing the default CTEQ3M [14] with CTEQ2MS [15] . The calculated angular distribution is insensitive to this change.
Because the currently available NLO calculations do not implement the effects of both QCD and quark substructure, possible effects of quark compositeness are determined using a LO simulation [4] . The ratio of the LO predictions with compositeness to the LO predictions with no compositeness is used to scale the NLO calculations. Figure 2 shows the dijet angular distribution for events with M . 635 GeV͞c 2 compared to the theory for different values of the compositeness scale, L 1 . The largest dijet invariant mass bin is shown because the effects of quark compositeness become more pronounced with increasing dijet invariant mass.
To obtain a compositeness limit, we constructed the variable R x , the ratio of the number of events with x , 4 to the number of events with 4 , x , x max . The value x 4 is chosen to optimize the sensitivity to quark compositeness. Because the angular distribution of jets arising from contact interactions is expected to be more isotropic than that for QCD interactions, contact interactions will produce more events at small x than QCD and therefore will have a larger value of R x . The h dependent energy scale corrections increase as a function of invariant mass causing R x to be reduced by 8% in the lowest mass bin and by 28% in the highest mass bin. Table II shows experimental ratio R x for the different mass ranges with their statistical and their systematic uncertainties, which are fully correlated in mass. Figure 3 exhibits R x as a function of M for two different renormalization scales along with the theoretical predictions for different compositeness scales. Note that the two largest dijet invariant mass bins have a lower x max value, and thus a higher value of R x is expected independent of compositeness assumptions. Also shown in Fig. 3 are the x 2 values for the 4 degrees of freedom for different values of the compositeness scale. The x 2 is defined as x 2 P i,j d i V 21 ij d j , where d i is the difference between data and theory in each mass bin i. The covarance matrix, V , is defined as V ii s 2 i ͑stat͒ 1 s 2 i ͑syst͒, V ij s i ͑syst͒s j ͑syst͒, for i fi j. For both renormalization scales, the data prefer a model without quark compositeness. The data are better fit with m E max T . We employed a Bayesian technique [16] to obtain a compositeness scale limit from our data, using a Gaussian likelihood function, P͑R x j j͒, for R x as a function of dijet invariant mass. The compositeness limit depends on the choice of the prior probability distribution, P͑j͒. Motivated by the form of the Lagrangian, P͑j͒ is as- sumed to be flat either in j 1͞L 2 or j 1͞L 4 . Since the dijet angular distribution at NLO is sensitive to the renormalization scale, each renormalization scale is treated as a different theory. The likelihood function has the form P͑R x j j͒ e 2x 2 ͞2 . To determine the 95% confidence limit in L, a limit in j is first calculated by requiring that Q͑j͒ R j 0 P͑R x j j 0 ͒P͑j 0 ͒dj 0 0.95 of Q͑`͒. The limit in j is then transformed back into a limit in L. Table III shows the 95% confidence limits for the compositeness scale obtained for different choices of models using a prior probability distribution which is flat in 1͞L 2 .
If we vary the models to include constructive interference ͑L 2 ͒, or require only up and down quarks to be composite ͑L ud ͒, the 95% confidence limits for the compositeness scale change by ϳ0.1 TeV. If the prior probability distribution is assumed to be flat in 1͞L 4 , the 95% confidence limits are reduced by approximately 6%. These limits are valid for either pure left-or right-handed [1] using x max 5, the large range of x explored here gives greater sensitivity to compositeness terms with constructive interference than for destructive interference.
In conclusion, we have measured the dijet angular distribution over a large angular range. The data distributions are in good agreement with NLO QCD predictions. The compositeness limit depends on the choice of the renormalization/factorization scale, the model of compositeness, and the choice of the prior probability function. We have presented compositeness limits for models with left-handed contact interference. With 95% confidence, the interaction scales L 1͑2͒ exceed 2.1 TeV and L
